Plant phloem-based defence (PBD) against phloem-feeding insects is characteristic of the sieve occlusion by phloem lectins and β-1,3-glucan callose, both of which are produced under regulation by ethylene and MYB transcription factors. Wheat PBD requires β-1,3-glucan synthase-like proteins GSL2, GSL10, and GSL12, and may also require insect-resistant mannose-binding lectins Hfr-1 and Wci-1, which can accumulate in the phloem upon aphid feeding. This study elucidates whether any of the 73 MYB genes identified previously in the common wheat Triticum aestivum genome plays a role in wheat PBD activation with regard to the GSLs and lectins. Wheat MYB genes TaMYB19, TaMYB29, and TaMYB44 are highly activated in response to infestation of English grain aphid, and their silencing facilitates aphid feeding on wheat phloem and represses wheat PBD responses. Repressed PBD is shown to decrease aphid-induced callose deposition in wheat leaf epidermis and decrease aphid-induced expression of genes GSL2, GSL10, GSL12, Hfr-1, and Wci-1 in wheat leaf tissues. Based on single gene silencing effects, TaMYB19, TaMYB29, and TaMYB44 contribute 55-82% of PBD responses. However, the contributions of TaMYB genes to PBD are eliminated by ethylene signalling inhibitors, while simultaneous silencing of the three TaMYB genes cancels the tested PBD responses. Therefore, TaMYB19, TaMYB29, and TaMYB44 are co-regulators of wheat PBD and execute this function through crosstalk with the ethylene signalling pathway.
Introduction
Aphids are typical phloem-feeding insects with a highly specialized mode of stylet penetration of plant vascular bundles (Tjallingii and Esch, 1993; Tjallingii, 2006; Xu et al., 2014) . The stylet puncturing causes a unique stress on plant fitness (Will and van Bel, 2006, 2008; De Vos and Jander, 2009) and is often devastating to the production of agriculturally significant crops, such as common wheat Triticum aestivum L. Wheat aphids mainly include Schizaphis graminum Rondani, Rhopalosiphum padi Linnaeus, and Sitobion avenae Fabricius (Basky and Fónagy, 2003) . These aphids are indigenous to China, and the English grain aphid S. avenae is dominant in principal wheat production areas of the country (Hong and Ding, 2007) . Aphids can feed on all aerial parts of wheat from Feekes stage 1, the development of the first leaf, through Feekes stage 11, grain ripening (Nelson et al., 1988) . Ubiquitous and continuous attacks cause constant damage to plant health, potentially inducing chlorosis and necrosis, repressing photosynthesis in the aerial organs, or directly destroying wheat grains, resulting in a severe decrease of the grain yield. Aphids also transmit plant pathogenic viruses and phytoplasmas, severely impacting the quality and safety of the crop product.
In response to aphid infestation, plants defend themselves through phloem-based defence (PBD) mechanisms (Klingler et al., 2005; Tjallingii, 2006; Zhang et al., 2011) . Potential components of PBD include sieve-specific phloem proteins PP1 and PP2, which represent the most abundant proteins in the phloem sap (Dinant et al., 2003; Beneteau et al., 2010) . PP2 is a phloem lectin conserved in plant species and is believed to play a critical role in the establishment of PBD (Read and Northcote, 1983; Kehr, 2006; Fu et al., 2014) . It is proposed that PP1 monomers and PP2 dimers are covalently cross-linked by disulphide bonds, forming high molecular weight polymers that close the sieve pores (Read and Northcote, 1983; Kehr, 2006; Will and van Bel, 2006) . This response often accompanies the synthesis of β-1,3-glucan callose, which is produced under catalysis by glucan synthaselike (GSL) enzymes and accumulates on the sieve plates (Kehr, 2006; Lü et al., 2011; Zhang et al., 2011) . PP plugging and callose closure of the sieve pores, and callose coagulation on the sieve plates, may serve as a physical barrier to prevent insects from phloem-feeding activities Fu et al., 2014; Xu et al., 2014) .
It has been demonstrated that PBD is regulated by the phytohormone ethylene and MYB transcription factors. In the biological model plant Arabidopsis thaliana, 15 of 37 tested MYBs are implicated in PBD against the green peach aphid Myzus persicae L. while AtMYB44 plays a dominant role (Liu et al., 2010) . This role of AtMYB44 is subject to the plant ethylene signalling pathway Lü et al., 2013) , which can be activated by aphid infestation (Dong et al., 2004; Zhang et al., 2011) . Aphid infestation also induces AtMYB44 gene expression as well as AtMYB44 protein production, which in turn activates expression of the EIN2 gene by targeting its promoter, followed by production of the EIN2 protein Lü et al., 2013) . EIN2 is an essential regulator of ethylene signalling (Alonso et al., 1999) , and in plants under aphid attack it controls the expression of PP2 and GSL5 genes, leading to PP2 plugging and β-1,3-callose closure of the sieve pores, along with callose coagulation on the sieve plates (Lü et al., , 2013 Zhang et al., 2011) . Therefore, crosstalk of ethylene signalling and the regulatory role of the MYB transcription factor represent a key step towards PBD establishment by sieve occlusion in the model plant.
The sieve occlusion is assumed to be a partly overlapping process of protein coagulation followed by callose deposition (Furch et al., 2007 (Furch et al., , 2010 . It is also a common characteristic of PBD in dicots (Klingler et al., 2005; Furch et al., 2009) and monocots (Basky and Fónagy, 2003; Fu et al., 2014; Xu et al., 2014) , both biological model plants and agriculturally important crops. Common wheat is a typical monocot crop of global significance and a good example for the study of PBD. Wheat chemical-induced (Wci) and Hessian fly-responsive (Hfr) proteins are insect-resistant mannose-binding lectins with the ability to accumulate in the phloem upon insect feeding (Subramanyam et al., 2006; Giovanini et al., 2007; . Both lectins contribute to wheat defences against the Hessian fly (Giovanini et al., 2007) and English grain aphid (Pyati et al., 2012; Fu et al., 2014) . Thus, Hfr-1 and Wci-1 were called PP2-A1 and PP2-A2 in our previous studies Xu et al., 2014) . Given that monocot mannose-binding lectins and dicot phloem lectins (PP2s) belong to distinct categories (Dang and Van Damme, 2016) , the present study returns to using the original names Hfr-1 (Hfr-1) and Wci-1 (Wci-1). Hfr-1, Wci-1, GSL2, GSL10, and GSL12 serve as essential components of wheat PBD against English grain aphid Xu et al., 2014) . In wheat leaves colonized with aphids, repression of the phloem-feeding activity is attributable to increased callose deposition and enhanced expression of Hfr-1, Wci-1, and the GSL genes . These PBD responses are coincident with aphid-induced expression of the EIN2 gene, but treating plants with ethylene signalling inhibitors can nullify the measured PBD responses , suggesting a critical role for the hormone signalling pathway in crosstalk with PBD mechanisms.
In our previous study, 218 sequences out of 464 MYB contigs and singlets were found to be potential TaMYB genes, and full-length sequences of 36 TaMYB genes were cloned (Cai et al., 2012) . Another study (Zhang et al., 2012) isolated full-length sequences of 60 TaMYB genes, of which 23 genes were identical to those characterized by us. Thus, full-length sequences of at least 73 TaMYB genes are known to exist. However, most of them have not been characterized with definite roles in plant development or defence regulation (Baloglu et al., 2014) . In fact, there is as yet no study showing the role of any TaMYB in wheat PBD.
The purpose of this study was to elucidate the roles of TaMYBs in wheat PBD against English grain aphid. The effects of aphid infestation on expression levels of the 73 TaMYB genes were analysed. A virus-induced post-transcriptional gene silencing (VIGS) technique was used to assess the effects of individual and combined MYB gene silencing on aphid feeding behaviours and wheat PBD responses. TaMYB19, TaMYB29, and TaMYB44 were characterized as co-regulators of wheat PBD against the insect. Further evidence suggested that TaMYB19, TaMYB29, and TaMYB44 regulate PBD by crosstalk through the ethylene signalling pathway.
Materials and methods

Plant growth
Wheat variety Yangmai16 widely grown in the East China wheatproducing regions was used in this study. Seeds were sown in 12 cm pots filled with the natural loam from a local wheat field, and plants were grown in a chamber under 25 ± 1 °C and a photoperiod cycle of 16 h light at 250 μE m -2 s -1 illumination.
Gene expression analysis Information on tested genes and primers is provided in Supplementary  Table S1 at JXB online. Total RNA was isolated from the last two expanded leaves and analysed by reverse transcription-PCR (RT-PCR) and/or real-time quantitative RT-PCR (RT-qPCR). Primers were designed to cover the unique region of every tested gene to guarantee the specificity of gene amplification, as evidenced by sequencing of the RT-PCR product. RT-PCR was used to identify aphid-induced TaMYB genes and RT-qPCR was employed to quantify expression levels of selected TaMYB genes and PBD response genes. RT-qPCR was performed with the Applied Biosystems (ABI) Prism 7300 Real-Time PCR System (ABI, USA) as previously described . In every RT-PCR protocol, the 25 µl reaction mixture was composed of 1 µl of first-strand cDNA diluted 1:10, 2.5 µM primer, and 1× SYBR Premix Ex Taq (TaKaRa). All reactions were performed in triplicate with null-template controls in which cDNA was absent. For aphid-induced TaMYB genes, melting curves were presented to confirm the specificity of primers in amplifying the corresponding genes. The technical specificity was further verified by northern blotting of the RT-PCR products. Blots of sequenced TaMYB cDNAs were hybridized with probes specific to the corresponding MYB genes using a recently described protocol . The cDNA blots were also hybridized with the probe specific to the RNA γ of Barley stripe mosaic virus (BSMV), because γ was used subsequently in gene silencing construction. Hybridization signals were found between cDNAs of tested TaMYB genes and their own probes, but not between the cDNAs and the γ probe. In RT-qPCR analyses, expression levels of tested genes were normalized to the null-template controls and quantified as transcript quantity ratios to the constitutively expressed Actin1 gene used as a reference . The in situ hybridization of the Hfr-1 and Wci-1 mRNAs was conducted as previously described (Lü et al., 2013) . Riboprobes were prepared by using the DIG High Prime DNA Labelling and Detection Starter Kit I (Roche Diagnostics). The last expanded leaves of 15-day-old seedlings were processed as paraffin sections. Vertical sections fixed on glass slides were hybridized with digoxigenin-labelled riboprobes and observed by microscopy.
Gene silencing experiments
The BSMV-mediated gene silencing experiments were performed on 15-day-old wheat seedlings at Feekes stage 1. BSMV has a tripartite genome consisting of single-stranded positive-sense RNAs α, β, and γ (Jackson et al., 2009) , which play different roles in plant transformation and gene silencing (Holzberg et al., 2002) . While α and β function for cell to cell movement of BSMV, γ meditates long-distance movement of the virus (Yuan et al., 2011) . Therefore, RNA of a tested gene fused to RNA γ can be transferred into the recipient genome after co-transformation with RNAs α and β (Yuan et al., 2011; Feng et al., 2015) . VIGS was performed using vectors pCaBS-α, pCaBS-β, and pCaBS-γ previously constructed with the BSMV RNAs (Holzberg et al., 2002) . A 200-400 bp fragment of single TaMYB genes (Supplementary Table S1 ) was synthesized by RT-PCR with wheat leaf RNA. Sequenced cDNA products were separately cloned into the pCaBS-γ vector, generating recombinant γ:TaMYB vectors that carried different TaMYB genes individually fused to BSMV RNA γ. The pCaBS-γ (γ:PDS) vector was also constructed by insertion of the wheat gene encoding phytoene desaturase (PDS) and used as a gene silencing-positive reference. Silencing of the PDS gene results in a mottled photobleaching phenotype, indicating successful gene silencing (Travella et al., 2006; Yuan et al., 2011; Li et al., 2015) . Meanwhile, the empty vector pCaBS-γ without any other gene insert (γ:00) was used as a gene silencing-negative reference. All recombinant vectors were constructed to involve specific restriction enzymes (Supplementary Table S1 ) and digested accordingly, followed by amplification with the RiboMAX™ Large Scale RNA Production Systems T7 kit (Promega). Circular α, β, and γ vectors were linearized by treatment with MluI, SpeI, and BssHII (OMEGA), respectively. Similar reactions were conducted for γ:00 to obtain a linearized γ RNA sequence. Linearized RNA products were adjusted to a uniform concentration by dilution with RNase-free water. Every aqueous solution of γ-containing RNA fragments was mixed with the α and β at a 1:1:1 ratio in a pH 8.5 buffer made up of 50 mM glycine and 30 mM K 2 HPO 4 . The mixture solutions were supplied with 1% sodium pyrophospate and 1% macaloid, which were used to wound leaf surfaces and facilitate leaf infection by the virus. Every mixture solution was applied to the last two fully unfolded leaves by rubbing the leaf lamina with a finger dipped in solution. ; 16 h light). The colony was grown on nursery Yangmai16 seedlings and transferred to fresh plants every 2 weeks. Uniform 10-day-old aphids were used in this study and transferred to experimental plants with a fine paintbrush.
Aphid culture
Plant colonization
Uniform 10-day-old adults of apterous agamic aphid females were placed on the upper sides of the last two expanded leaves (10 aphids per leaf) of 30-day-old plants. For every plant genotype, a total of 1800 aphids were monitored in nine independent experiments; the number of biological repeats (n) was 9, each containing 20 plants. In the subsequent 5 d, the number of aphids that stayed in their colonies on the original leaves was monitored every 2 h. The colony fidelity was quantified based on the number of aphids that remained on the leaves of colonized plants in 24 h, as some aphids moved from the original colony and relocalized to leaves of other plants. Relocalized aphids were removed immediately to avoid interfering with reproduction surveys. To monitor reproduction, newborn nymphs were counted and removed twice a day. The reproduction rate was quantified as the ratio between total numbers of nymphs produced in 5 d and total numbers of aphid adults that stayed in the original colonies.
Monitoring of aphid feeding behaviours
Aphid feeding activities were analysed using the electrical penetration graph (EPG) technique with an eight-channel DC-Giga EPG device (Wageningen University, The Netherlands). Uniform instar-2 nymphs were placed on the upper side of the last expanded leaves of 30-day-old plants. For every plant genotype, 64 aphids each placed on a single plant were monitored in eight independent experiments (n=8). Immediately after aphids were placed on leaves, a 20 nm diameter gold wire was attached to the dorsal surface of each aphid's abdomen using silver conductive paint. The other end of the wire was connected to a Giga-8 direct current amplifier and 10 9 Ω input resistance was used in an electrical circuit that is also connected to the plant via an electrode placed in the soil. The behaviour of individual aphids was monitored for 6 h. Voltage waveforms were digitized at 100 Hz with an A/D converter USB device. Waveform patterns were identified according to previously described categories (Tjallingii and Esch, 1993) . Waveform recordings were dissected every 5 s with the EPG analysis software Stylet + installed in a computer connected to a Giga direct current amplifier.
Callose visualization
Callose deposition in leaves was determined using a previously described protocol . The last two expanded leaves of 30-day-old plants were infiltrated with 5 ml of a solution made of phenol, glycerol, lactic acid, water, and 95% ethanol (1:1:1:1:2, v/v/v/v). Leaves in solution were incubated in a 65 °C bath until they were judged clear and then stained with aniline blue used at 0.1 mg ml -1 . Stained leaves were kept in the dark for 4 h and then observed by microscopy under a UV field. Callose deposition was visualized as a blue colour.
Ethylene signalling analysis
Plants were treated with AgNO 3 or 1-methylcyclopropene (1-MCP) as previously described (Dong et al., 2004; Zhang et al., 2007; Ren et al., 2008) . An aqueous solution of 20 μM AgNO 3 was freshly prepared with surfactant Silwet-37 (0.03% v/v) and applied to plants by spraying over plant tops. Plants were treated similarly with 0.03% Silwet-37 in controls. Water-volatilizable 1-MCP tablets (Lytone Enterprise Inc.) were used according to the manufacturer's protocol. Immediately before use, tablets were dissolved in water in a small beaker to release gaseous 1-MCP into plants growing in pots. The pots were placed together with the beaker in a 12 cm 3 glass box and sealed immediately. The 1-MCP gas was adjusted to a final concentration of 0.22 μl l -1 by using the correct amounts of tablets. Plants were treated in this way for 6 h. Plants were incubated similarly but 1-MCP was not applied in the controls. Then, plants were colonized with aphids, PBD responses were analysed 6 h later, and aphid colonization and feeding activities were investigated after an additional 18 h.
Data analysis
All experiments were carried out at least six times with similar results. Quantitative data were statistically analysed to compare differences in tested characters among the different genotypes of wheat or among different treatments (including control). In the statistical analysis, the IBM SPSS software package (IBM Corporation, Armonk, NY, USA; http://www-01.ibm.com/software/analytics/spss/) was used as per instructions in a Chinese textbook (Shi, 2012) . Statistical homogeneity of variance in data was determined by Levene test, and the statistically formal distribution pattern of the data was confirmed by the P-P Plots program. Then, data were subjected to ANOVA and Fisher's least significant difference (LSD) test.
Results
Wheat colonization with aphids causes different effects on MYB gene expression
In total, 73 MYB genes identified previously with full-length sequences in wheat (Cai et al., 2012; Zhang et al., 2012) were analysed to infer their implication in PBD responses to English grain aphid. The last two expanded leaves of 30-dayold plants were colonized with aphids and 3 d later RT-PCR and RT-qPCR were carried out to determine gene expression in the leaves ( Fig. 1; Supplementary Fig. S1 ). The expression of the same TaMYB genes in equivalent leaves of aphid-free plants was also determined in controls. The technical reliability was verified by the melting curves, which had single product peaks in RT-qPCR repetitions ( Supplementary Fig.  S2 ). Based on these analyses, the expression of eight MYB genes was induced, that of 20 genes was repressed, and an additional 45 MYB genes showed no observed change in expression levels in aphid-colonized plants compared with control plants (Fig. 1) . Aphid-induced genes are TaMYB19, TaMYB28, TaMYB29, TaMYB32, TaMYB44, TaMYB51, TaMYB58, and TaMYB66 ( Supplementary Fig. S1 ). Of these, TaMYB19, TaMYB29, and TaMYB44 are highly induced by aphid infestation ( Fig. 1; Supplementary Fig. S1 ). Northern blotting analysis indicated that RT-PCR products of TaMYB19, TaMYB29, and TaMYB44 were hybridized TaMYB genes based on their responsiveness to English grain aphid colonized on wheat leaves. Gene expression was analysed by RT-qPCR using the constitutively expressed Actin1 gene as a reference Wang et al., 2014) . RNAs used in the analysis were isolated from leaves of plants which were either colonized with aphids or not colonized in controls. The relative level of a TaMYB gene was quantified as the ratio of the gene transcript quantity to that of Actin1. The average of the transcript quantity ratio values obtained from three independent experiments was used to calculate fold change of the transcript quantity in aphid-colonized leaves compared with the quantity in control leaves. In this graph, dots have been accurately placed to indicate fold change values scaled by the vertical axis; numbers to the right of the dots are the codes of the corresponding TaMYB genes; 44 refers to TaMYB44 and thus all TaMYB genes are indicated.
to the specific probes ( Supplementary Fig. S3 ), confirming the specificity of RT-qPCR protocols in detecting the gene expression. As aphid-induced PBD components can impede phloem-feeding activities and further infestation of the same insects (Lü et al., 2013; Fu et al., 2014) , these aphid-induced TaMYB genes may play important roles in wheat PBD responses to English grain aphid.
VIGS effectively decreases expression levels of aphid-induced MYB genes
To obtain genetic evidence for the assumed roles of the eight aphid-induced TaMYB genes (Fig. 1 ) in wheat PBD, the genes were subjected to the BSMV VIGS system in which wheat seedlings were co-transformed with BSMV RNA α, β, and γ vectors (Fig. 2A) . The mottled photobleaching phenotype was observed in co-transformation with γ:PDS, but not with γ:00 or γ:TaMYB genes, or in untransformed plants, suggesting specific gene silencing effects (Fig. 2B) . Silencing efficiencies of the eight aphid-induced TaMYB genes (TaMYB19, TaMYB28, TaMYB29, TaMYB32, TaMYB44, TaMYB51, TaMYB58, and TaMYB66) were verified by RT-PCR (Supplementary Fig. S1 ) and RT-qPCR analyses ( Fig. 2C;  Supplementary Figs S1, S4 ). As TaMYB19, TaMYB29, and TaMYB44 displayed strong responsiveness to English grain aphid (Fig. 1) , their expression was quantified. Expression levels of the three genes were reduced by >80% in silenced plants compared with untransformed or γ:00-transformed plants (Fig. 2C) . In all cases, untransformed plants and γ:00-transformed plants had similar levels of TaMYB expression and were used as controls of TaMYB-silenced plants in further studies.
Silencing of aphid-induced TaMYB genes favours aphid performance on wheat
To correlate TaMYB silencing with colony fidelity and reproduction performance of English grain aphid, the aphid was investigated in a large-scale population placed on leaves of untransformed, γ:00-transformed, or γ:TaMYB-transformed plants. If the colony fidelity was increased in γ:MYBtransformed plants compared with untransformed or γ:00-transformed plants, the MYB was thought to be a positive regulator of wheat resistance to aphid colonization. Based on Gene expression was analysed by RT-qPCR using total RNA isolated from leaves with and without aphid infestation. Relative levels of TaMYB expression were quantified by using the constitutively expressed Actin1 gene as a reference . Bar graphs represent mean values ±SD of results from six experimental repetitions (biological repeats; i.e. the number of replicates n=6). Different letters on bar graphs indicate significant differences by ANOVA and Fisher's LSD test at P<0.01.
comparisons of γ:TaMYB-transformed and untransformed plants, silencing of TaMYB19, TaMYB29, and TaMYB44 increased aphid colony fidelity by 42, 38, and 47%, respectively (Fig. 3A) . Moreover, a MYB gene was thought to inhibit aphid reproduction if the reproduction rate was smaller on the gene-silenced plants compared with untransformed or γ:00-transformed plants. Silencing of TaMYB19, TaMYB29, and TaMYB44 increased aphid reproduction rates by 45, 43, and 52%, respectively (Fig. 3B) , suggesting that each MYB gene took part in resistance to aphid reproduction, while TaMYB44 is most active. In addition, silencing of TaMYB28, TaMYB32, TaMYB51, TaMYB58, and TaMYB66 caused 15-28% increases of colony fidelity and reproduction rate of aphids on wheat leaves ( Supplementary   Fig. S5 ). In all experiments, both aphid colony fidelity and reproduction rates were similar in untransformed and γ:00-transformed plants (Fig. 3) . Clearly, independent silencing of the eight aphid-inducible TaMYB genes has different extents of promoting effects on colony fidelity and reproduction performance of English grain aphid, and TaMYB19, TaMYB29, and TaMYB44 are potentially dominant regulators for wheat resistance to the insect.
Silencing of TaMYB19, TaMYB29, or TaMYB44 favours phloem feeding of aphids
To correlate colonization and reproduction performances with feeding behaviours of English grain aphid, the aphid feeding activities were studied using the EPG technique applied to apterous aphids placed on leaves of γ:TaMYB-transformed, γ:00-transformed, or untransformed plants. Feeding activities were depicted as different waveform patterns using the established standard (Tjallingii and Esch, 1993) . Based on the EPG patterns, all tested aphids displayed major steps of feeding, but aphid behaviours varied greatly depending on feeding stages (Figs 4, 5) .
Aphid feeding activities are divided into several distinct phases (Tjallingii, 2006) , and Fig. 4 shows those phases as waveform patterns. The non-puncturing phase (NP) indicates the stylet staying outside the cuticle. Cell puncturing (Probe) leads to the pathway phase (Path) in which the stylet penetrates between cells en route to the vascular tissue (Tjallingii and Esch, 1993) . Mechanical problems with stylet penetration into the plant tissues, namely derailed stylet mechanics (F), may occur due to a deficient saliva composition (MachadoAssefh et al., 2015) . This waveform pattern appeared in all plants and thus is not a consequence of TaMYB silencing. Both Path and F delay the time to the phloem phase and prevent ingestion of phloem sap (Machado-Assefh and Alvarez, 2016). In addition, the xylem phase (XP) may be observed while aphids try to suck water from the xylem Fu et al., 2014) . Figure 5 shows aggregate 6 h EPG analyses of aphid feeding from leaves of untransformed, γ:00-transformed, or γ:TaMYB-transformed plants. Time to the first cell puncturing (Fig. 5A ) and total duration of the non-puncturing phase (Fig. 5B) were similar in all plants. Time to the first pathway phase (Fig. 5C ) and duration of this phase (Fig. 5D) were shorter in plants with TaMYB19, TaMYB29, or TaMYB44 silencing than in γ:00-transformed or untransformed plants. The pathway phase represents an insect's efforts in navigating to the phloem and preparing to ingest sap from sieve elements (Tjallingii, 2006) . It was clearly seen that the aphid activities outside leaf cells had no evident changes (Fig. 5A, B) , whereas aphid stylets proceeded more quickly in the pathway phase when they were feeding from TaMYB-silenced plants than from γ:00-transformed or untransformed plants (Fig. 5C, D) . However, total duration of the pathway phase in 6 h was shorter with TaMYB silencing compared with controls (Fig. 5D) , indicating the possible effects of TaMYB silencing on epidermis, collenchyma, or chlorophyll. Subsequent to the pathway phase, aphids may proceed to the phloem phase (Fig. 4) in which ingestion of the phloem sap may occur . Aphid feeding activities in the phloem phase were enhanced by TaMYB silencing in contrast to controls. Aphids might ingest the phloem sap more efficiently by puncturing TaMYB-silenced plants compared with controls. Thus, the number of phloem phases in the first hour of EGP monitoring was two, four, four, five, and seven for untransformed plants and γ:00-, γ:TaMYB19-, γ:TaMYB29-, and γ:TaMYB44-transformed plants (Fig. 4) , while the total number of phloem phases in 6 h is eight, seven, six, five, and six, respectively (Fig. 5E ). In the case of single TaMYBsilenced plants, the phloem phase was observed in fewer encounters (Fig. 5E ), but the total duration of this phase was much longer (Fig. 5F ). In contrast, the number of xylem phases was reduced and the total duration of this phase was shorter on leaves of TaMYB-silenced plants compared with γ:00-transformed or untransformed plants (Fig. 5G, H) . These data suggest that an extended phloem phase is a common characteristics of aphid behaviours on the TaMYBsilenced plants. In other words, the phloem with TaMYB19, TaMYB29, or TaMYB44 silencing is a favourite source for aphid feeding.
Statistical analysis confirmed differences between γ:TaMYB-transformed plants and γ:00-transformed or untransformed plants in the number of phloem or xylem residences in a 6 h EPG record (Fig. 5C, D, F-H) . In particular, the decrease in phloem phase duration was significant when aphids were feeding on plants that displayed the TaMYB19, TaMYB29, or TaMYB44 silencing effect compared with γ:00 transformation or the absence of transformation (Fig. 5D) . In contrast, phloem-feeding activities were not affected by silencing of TaMYB28, TaMYB32, TaMYB51, TaMYB58, or TaMYB66 ( Supplementary Fig. S6 ) although they had evident effects on colony fidelity and reproductive performance on wheat (Supplementary Fig. S5 ). This difference indicates that TaMYB19, TaMYB29, and TaMYB44 play critical roles in wheat PBD against aphid feeding from the phloem, whereas unknown alternative mechanisms may be responsible for the effects of TaMYB28, TaMYB32, TaMYB51, TaMYB58, and TaMYB66 on aphid colony fidelity and reproductive performance. Therefore, TaMYB28, TaMYB32, TaMYB51, TaMYB58, and TaMYB66 were eliminated from further studies; instead, the following studies were focused on TaMYB19, TaMYB29, and TaMYB44.
TaMYB19, TaMYB29, or TaMYB44 silencing partially represses PBD responses
Aphid stylet penetration of leaves can induce PBD responses Fu et al., 2014) shown as callose deposition in leaf epidermis (Figs 7, 8) and enhanced expression of GSL2, GSL10, GSL12 (Fig. 9) , as well as Hfr-1 and Wci-1 (Fig. 10) in leaf tissues. In wheat leaves colonized with English grain aphid, Hfr-1 and Wci-1 expression was localized predominantly to the phloem ( Supplementary Fig. S7 ), suggesting the involvement of both genes in wheat PBD versus phloem feeding.
To correlate phloem-feeding activities of aphids with wheat PBD responses in the case of TaMYB silencing, callose deposition in leaf epidermis and the expression of Hfr-1, Wci-1, and GSL genes in leaf tissues of the different plants were analysed. Untransformed, γ:00-transformed, and γ:TaMYB-transformed plants were investigated in parallel experiments. The silencing efficiencies of TaMYB19, Fig. 4 . A representative profile of an electrical penetration graph (EPG) showing aphid feeding behaviours on leaves of untransformed, γ:00-transformed, and γ:TaMYB-transformed plants. Uniform nymphs of the second instar were placed on the upper sides of the last expanded leaves. Aphid feeding activities were detected as distinct EPG waveforms (after Tjallingii, 2006) . 'Probe' refers to puncturing the first plant cells; 'NP' indicates not puncturing; 'Path' means the pathway of the stylet shuttle route between the epidermis and fascicular bundle; 'XP' and 'PP' refer to xylem and phloem phases when stylets take up sap from the xylem and phloem, respectively; 'F' indicates derailed stylet mechanics. Graphs shown here are the first hour of 6 h EPG records.
TaMYB29, and TaMYB44 were confirmed in plants with and without aphid colonization (Fig. 6) . Substantial degrees of aphid-induced expression of the TaMYB genes in untransformed or γ:00-transformed plants were also confirmed (Fig. 6) . In all plants, callose deposition was detected predominantly in leaves following colonization with aphids, but little was detected in leaves in which colonization was absent (Fig. 7) . In the epidermis of aphid-colonized leaves, callose deposition was remarkably decreased by TaMYB19, TaMYB29, or TaMYB44 silencing compared with γ:00 transformation or no transformation (Figs 7, 8) . Silencing of a single TaMYB gene significantly (P<0.01) decreased the number of callose deposition sites seen on epidermal cells (Fig. 8) . Based on reductions in callose deposition in TaMYB-silenced plants compared with untransformed plants, TaMYB19, TaMYB29, and TaMYB44 contributed >82% of callose deposition.
Aphid-induced expression of GSL2, GSL10, and GSL12 genes was decreased in TaMYB-silenced plants compared with γ:00-transformed or untransformed plants. Separate silencing of TaMYB19, TaMYB29, and TaMYB44 reduced GSL expression levels by 55-65% (Fig. 9) . Similarly, aphidinduced expression of Hfr-1 and Wci-1 was also reduced by silencing TaMYB19, TaMYB29, or TaMYB44 (Fig. 10) . Based on gene silencing effects, TaMYB19, TaMYB29, and TaMYB44 were responsible for 60-67% and 61-69% of Hfr-1 and Wci-1 expression, respectively, under aphid infestation.
Taken together, overall analyses of the gene silencing effects suggest that TaMYB19, TaMYB29, and TaMYB44 individually contribute to the substantial quotients of wheat PBD responses against English grain aphid. With respect to callose deposition and PBD response gene expression, the TaMYB genes make up 55-82% of wheat PBD.
TaMYB19, TaMYB29, and TaMYB44 co-operation is essential for PBD responses
To elucidate functional co-operation by TaMYB19, TaMYB29, and TaMYB44 genes, dual and triple gene silencing was performed and the subsequent effects on PBD Fig. 5 . Quantitative presentation of aggregate 6 h EPG records of aphid feeding on leaves of untransformed, γ:00-transformed, and γ:TaMYBtransformed plants. Major parameters that reflect aphid feeding activities are provided in (A)-(H). Data shown are mean values ±SD of results obtained from eight independent experiments. Each experiment was performed by using eight plants and eight aphids, and by placing a single aphid on the last expanded leaf of a plant, followed by monitoring of aphid feeding activities with the Giga-8 EPG system. In (C), (D), and (F-H), different letters on bar graphs indicate significant differences in multiple comparisons of data obtained from the different plants (ANOVA and LSD; P<0.01; n=8 biological repeats). Statistical analysis indicates no significant differences among data from the different plants (A, B, D, and E), and bar graphs are not labelled.
responses were analysed in comparison with the single gene silencing effects. TaMYB19, TaMYB29, and TaMYB44 were silenced independently, without mutual or triple effects, in the single, dual, and triple gene silencing experiments (Fig. 6) . In other words, silencing TaMYB19 did not affect expression levels of TaMYB29 and TaMYB44, concurrent silencing of TaMYB19 and TaMYB29 did not affect the level of TaMYB44 expression, and it was the same for the other combinations. All three genes were silenced simultaneously only in the case of the triple gene silencing experiment. Simultaneous gene silencing caused additive inhibition on wheat PBD responses over the effects of separate gene silencing (Figs 7-10) . Dual gene silencing resulted in ~18-49% increases on the basis of the single gene silencing effects in callose deposition (Figs 7, 8) and in expression levels of Hfr-1, Wci-1, and GSL genes (Figs 9, 10 ). All PBD responses were eliminated only when TaMYB19, TaMYB29, and TaMYB44 were silenced simultaneously in single wheat plants, in contrast to the levels of Fig. 9 . Differences of GSL gene expression in leaves of single, dual, and triple TaMYB gene-silenced plants in comparison with untransformed and γ:00-transformed plants. Plants were colonized with English grain aphid (+) or remained free from aphids (-). Six hours later, gene expression was analysed by RT-qPCR using the constitutively expressed Actin1 gene as a reference. Data shown are mean values ±SD; asterisks indicate significant differences in pairwise comparisons (ANOVA and LSD; P<0.01; n=9 biological repeats). those responses in γ:00-transformed or untransformed plants (Figs 7-10) . Clearly, genetic co-operation of TaMYB19, TaMYB29, and TaMYB44 is essential for wheat PBD activation.
TaMYB19, TaMYB29, and TaMYB44 function in crosstalk with ethylene signalling
Plants were treated with ethylene signalling inhibitors AgNO 3 and 1-MCP to elucidate whether ethylene signalling regulates the roles of TaMYB19, TaMYB29, and TaMYB44 in wheat PBD to English grain aphid. The γ:TaMYBtransformed, γ:00-transformed, and untransformed plants were colonized with aphids following treatment with water in controls and with an aqueous solution of AgNO 3 or 1-MCP. Compared with controls, AgNO 3 or 1-MCP treatment significantly (P<0.01) reduced expression levels of TaMYB19, TaMYB29, and TaMYB44 in leaves of γ:00-transformed or untransformed plants (Fig. 11) . TaMYB expression levels were further decreased due to silencing the corresponding genes (Fig. 11) . Similar effects of AgNO 3 and 1-MCP were found in the expression of EIN2, Hfr-1, and Wci-1 (Fig. 12) . Levels of EIN2 expression were decreased by TaMYB19, TaMYB29, or TaMYB44 silencing compared with γ:00 transformation or no transformation. EIN2 expression was further repressed by AgNO 3 or 1-MCP treatment in TaMYB-silenced plants. While Hfr-1 and Wci-1 were highly expressed in water-treated γ:00-transformed or untransformed plants, gene expression levels were significantly (P<0.01) reduced by treating the same plants with AgNO 3 or 1-MCP. Both inhibitors further impaired Hfr-1 and Wci-1 expression beyond the extant repression in TaMYB-silenced plants (Fig. 12) . Like Hfr-1 and Wci-1, GSL2, GSL10, and GSL12 expression was also repressed by AgNO 3 and 1-MCP (Fig. 13) . While strong expression of GSL genes was detected in γ:00-transformed or untransformed plants treated with water, repression of GSL expression occurred in the same plants following treatment with AgNO 3 or 1-MCP. The inhibitor treatment further decreased GSL expression levels on the basis of the extant repression in the three types of TaMYB-silenced plants (Fig. 13) . Clearly, inhibition of ethylene signalling represses the regulatory roles of TaMYB19, TaMYB29, and TaMYB44 in wheat PBD responses against English grain aphid. Therefore, TaMYB19, TaMYB29, and TaMYB44 function in PBD by crosstalk with the ethylene signalling pathway. 
Discussion
Compared with extensive studies on defensive roles of MYB transcription factors in biological model plants, especially Arabidopsis (Qu and Zhu, 2006; Dubos et al., 2010; Baldoni et al., 2015) , little is known about MYB orthologues regarding their functions in defence of agriculturally significant crops. In particular, knowledge is lacking about the roles of MYBs in crop resistance to insect pests, in contrast to increasing information on the functions for disease resistance or stress response (Cai et al., 2011 (Cai et al., , 2012 Baloglu et al., 2014; Zhang et al., 2015) . There is a paucity of information with respect to the molecular basis of crop MYB functions in correlation with phytohormones, in which ethylene is essential for insect resistance (Dong et al., 2004; Lü et al., 2013) . Common wheat is a staple crop providing flour production indispensable for human life, while aphid infestation constantly threatens wheat production throughout the world. Exploring the potential roles of wheat MYBs in regulating PBD responses against aphid infestation is a necessary step towards practical application of the regulators in insect management.
In the present study, eight TaMYB genes out of 73 fulllength TaMYB sequences (Cai et al., 2012; Zhang et al., 2012) were determined to be responsive to English grain aphid ( Fig. 1) and hypothesized to play a role in wheat PBD against the insect. To test this hypothesis, the TaMYB transcript quantities were knocked down by VIGS ( Fig. 2 ; Supplementary Figs S1-S4), and the subsequent effects on aphid colony fidelity and reproduction in wheat leaves were assessed ( Fig. 3; Supplementary Fig. S5 ). Based on the gene silencing effects, repression of aphid colony fidelity and reproduction are provided mainly (38-52%) by TaMYB19, TaMYB29, and TaMY44 (Fig. 3) , whereas relatively small quotients (15-28%) are shared by TaMYB28, TaMYB32, TaMYB51, TaMYB58, and TaMYB66 ( Supplementary Fig.  S5 ). The latter five TaMYB genes differ from TaMYB19, TaMYB29, and TaMY44 in their modes of regulating wheat response to aphid infestation. While TaMYB19, TaMYB29, and TaMY44 function to repress phloem-feeding activities of aphids (Figs 4, 5) , aphid feeding behaviours are unrelated to TaMYB28, TaMYB32, TaMYB51, TaMYB58, and TaMYB66 ( Supplementary Fig. S6) . The eight TaMYB genes may employ different mechanisms to affect aphid performance on wheat leaves. In addition to PBD, many other factors may also regulate colony fidelity of aphids or their reproduction performance and may act before and after stylet puncturing of plant cells (Boyko et al., 2006; Tjallingii, 2006; Bos et al., 2010; Mantelin et al., 2011; Hilfiker et al., 2014) . For example, plant recognition of pattern molecules (invariant microbial epitopes) initially characterized as inducers of disease resistance (Ausubel, 2005) presumably also exist on insect cells (Hilfiker et al., 2014) . Plant sensing of such pattern analogues has been implicated in defences against aphid attacks (Bos et al., 2010; Mantelin et al., 2011; Hilfiker et al., 2014) . Whether this pattern recognition mechanism relates to the inhibitive effects of the TaMYB genes on aphid performance remains to be studied. The promotional effect of TaMYB silencing on phloemfeeding activities of English grain aphid is correlated with repression of wheat PBD responses (Figs 4-10) . PBD characteristic of sieve occlusion is a common defensive mechanism that all plants potentially employ to resist attacks by phloemfeeding herbivores (Kehr, 2006; Tjallingii, 2006; Zhang et al., 2011) . This mechanism has been shown to impede aphid infestations effectively in different plant species (Kehr, 2006; Tjallingii, 2006; Zhang et al., 2011; Lü et al., 2011 Lü et al., , 2013 including wheat Xu et al., 2014) . The broad significance and universal value of the defensive mechanism can also be found in phloem puncturing as a highly specialized and commonly utilized mode of feeding irrespective of aphid species and the plants they attack (Tjallingii and Esch, 1993; Kehr, 2006; Tjallingii, 2006; Will and van Bel, 2006, 2008; Lü et al., 2011; Zhang et al., 2011) . Based on this interacting relationship between plants and phloem-feeding insects, data shown in this study elucidate concomitant functions of TaMYB19, TaMYB29, and TaMYB44 in wheat PBD against English grain aphid (Figs 6-10 ). Overall analyses of single gene silencing effects suggest that wheat PBD is an induced trait and does not develop without induction by plant colonization with the insect.
The single gene silencing effects further suggest that the individual genes TaMYB19, TaMYB29, and TaMYB44 play a partial, but not total, role in wheat PBD. Based on the quantitative data, TaMYB19, TaMYB29, and TaMYB44 individually account for 55-82% of wheat PBD responses, including the expression of GSL (Fig. 9) , Hfr-1, and Wci-1 (Fig. 10) genes and callose deposition (Figs 7, 8 ) in wheat leaves. Callose deposition in the sieve plates should be visible, but the provided images focus on callose deposition in leaf epidermis (Fig. 7) . Indeed, callose deposition in the sieve plates has been elucidated as a mechanism of sieve occlusion in wheat leaves colonized with English grain aphid . Moreover, aphid-induced expression of Hfr-1 and Wci-1 in wheat phloem (Supplementary Fig. S7 ) and their insect-resistant property (Giovanini et al., 2007; Pyati et al., 2012) make them potential components of wheat PBD. A relevant gene is Hfr-3. It performs like Wci-1 in response to Hessian fly, plant pathogens, and mechanical wounding, whereas Hfr-1 selectively responds to the insect (Giovanini et al., 2007) . Like GSL genes, Hfr-1 and Wci-1 are also MYB regulated and contribute to wheat PBD against English grain aphid (Fig. 10) . The PBD involves aphid-induced callose deposition and aphid-induced expression of Hfr-1, Wci-1, and GSL genes under co-regulation by TaMYB19, TaMYB29, and TaMYB44. This conclusion is supported by the effects of dual and triple gene silencing in single wheat plants as the analysed PBD responses were nullified by the simultaneous silencing of TaMYB19, TaMYB29, and TaMYB44 (Figs 6-10). Therefore, genetic co-operation of the three TaMYB genes is essential for PBD development. In other words, TaMYB19, TaMYB29, and TaMYB44 actively respond to phloem-feeding activities of English grain aphid (Figs 4, 5) and deploy genetic co-regulation of PBD responses (Figs 6-10) against the insect.
In addition to repressing sieve occlusion, the TaMYB silencing may also influence an additional three factors related to aphid feeding behaviours. In the first, aphids ingest water from the xylem to compensate for increased osmotic stress due to sugar uptake from the phloem (Pompon et al., 2011) . The TaMYB silencing reduces the xylem phase (Fig. 5H) possibly by decreasing concentrations of soluble sugars in the phloem. Secondly, circumstantial physiological differences of aphid individuals may affect their feeding behaviours. This may be partially responsible for the variations of EPG waveform patterns (Fig. 4 ) and quantitative differences of EPG parameters (Fig. 5) found in TaMYB19-, TaMYB29-, and TaMYB44-silenced plants. Lastly, the TaMYB silencing reduces the length of the pathway phase (Fig. 5) , possibly by affecting plant epidermis, collenchyma, or chlorophyll. These factors need further study regarding their functional relationships to PBD activation under regulation by TaMYB19, TaMYB29, and TaMYB44.
The studies with ethylene signalling inhibitors suggest the critical role of the signalling pathway in wheat PBD against English grain aphid (Figs 11-13 ). This finding extends the functional ethylene-MYB crosstalk from a model plant Lü et al., 2013) to an agriculturally significant crop (Figs 11-13 ). In plants under aphid infestation, the ethylene signalling pathway experiences crosstalk with the regulatory roles of TaMYB19, TaMYB29, and TaMYB44 to control PBD development. Ethylene perception apparently acts upstream of the TaMYB expression, which is repressed by the signalling inhibitors (Fig. 11) , while the TaMYB genes seem to act prior to EIN2 expression as EIN2 expression is impaired by TaMYB silencing (Fig. 12) . Since the functional ethylene-MYB crosstalk is essential for the expression of Hfr-1, GSL2, GSL10, and GSL12 (Figs 12, 13) , it is necessary to study the physiological relationship between these PBD response genes and TaMYB genes. A conventional study in the future could be to test whether TaMYB19, TaMYB29, and TaMYB44 proteins differentially target promoters of the different PBD response genes to activate their transcription.
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